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Abstract
The interdecadal Pacific Oscillation (IPO) represents the decadal mode of the El Niño-Southern Oscillation phenomenon. 
As such the IPO is one of the dominant modes of decadal climate variability on both sides of the Pacific Ocean basin. For 
this paper we utilized a newly developed tree-ring data network comprised of five multi-centennial Vietnamese cypress 
ring-width chronologies that range from around 11°N–23°N latitude. We combined these data with an average of tree-ring 
derived drought indices from the North American Drought Atlas over the south central USA, from a box that spans from 
27.5°N–35.0°N, 85.0°–110.0°W and contains 55 gridpoints and more than 100 tree ring site chronologies, these 2 locations 
exhibit rainfall variations that are strongly, negatively correlated with each other and are representative of the influence of 
the IPO on terrestrial rainfall. The final reconstruction model, weighted most heavily on the three most southerly of the five 
Vietnamese cypress records, spans from 1350 to 2004, and explains nearly 57% of the variance in the original IPO data for the 
5-month season of October–February. The reconstruction model passes all standard statistical tests using a split calibration-
verification scheme. We reveal 15 positive and 15 negative phase shifts of the IPO prior to the period of instrumentation, 
suggesting that the IPO has been active for at least the past seven centuries with varying degrees of intensity. We compare 
our reconstruction with two related millennial records: the MacDonald and Case (Geophys Res Lett 32(8):L08703, 2005) 
tree ring-derived reconstruction of the Pacific Decadal Oscillation, and an ice core-derived reconstruction of the IPO from 
the Law Dome Ice core in Antarctica by Vance et al. (Geophys Res Lett 33(6):L06712, 2015). While there is good general 
agreement with the latter record, there are three key periods of the past where the two records are out of phase, and we explore 
the reasons for this disparity. Direct comparison with the related Tripole Index (TPI) shows weaker correlation, likely owing 
to the stronger relationship between our tree ring data and the equatorial Pacific region relative to the north and south regions 
of the Pacific that combine to comprise the TPI calculation.
Keywords Interdecadal Pacific Oscillation · Tropical tree rings · Vietnamese cypress · Hydroclimate · Climate 
reconstruction · Dendroclimatology
1 Introduction
The Interdecadal Pacific Oscillation, or IPO, is a term first 
used by Power et al. (1999) to define a trans-Pacific sea 
surface temperature anomaly (SSTA) pattern that reflects 
a Pacific wide manifestation of what Mantua et al. (1997) 
referred to as the Pacific Decadal Oscillation, or PDO. As 
is the case for the PDO, the IPO features relatively abrupt 
‘shifts’ in the SSTA pattern across the Pacific Ocean that can 
persist for 2–3 decades. However, rather than the predomi-
nantly northern Pacific expression of the PDO, the IPO has a 
Pacific basin-wide, bi-hemispheric climate pattern with links 
to the Indian Ocean sector and ocean–atmosphere coupling 
(Power et al. 1999; Meehl and Hu 2006; Parker et al. 2007). 
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The IPO and PDO are highly correlated, and phase changes 
of both are directly correlated with increased or decreased 
frequency of warm and cold phases of El Niño-Southern 
Oscillation phenomenon (ENSO), respectively (Verdon and 
Franks 2006). Negative phases reflect La Niña-like (cold) 
SSTA over the tropical Pacific, while positive phases appear 
El Niño-like (warm). Phase changes of both modes take 
place roughly every 20–30 years (Mantua et al. 1997; Power 
et al. 1999). The IPO’s influence extends from the Pacific to 
the Indian Ocean, southern Asia and Madagascar (D’Arrigo 
et al. 2006; Crueger et al. 2009; D’Arrigo and Ummenhofer 
2015), to Australia (Power et al. 1999; Arblaster et al. 2001), 
and even Antarctica (Palmer et al. 2015; Vance et al. 2015; 
Meehl et al. 2016b). It has also been suggested that the IPO 
influences global temperature, as a recent hiatus in global 
warming was related to the late 1990s IPO phase change 
(Meehl et al. 2013, 2016a; England et al. 2014), and ensu-
ing Indian Ocean heat content changes transmitted from the 
Pacific through the atmospheric and oceanic bridge (Lee 
et al. 2015; Nieves et al. 2015; Ummenhofer et al. 2017; Jin 
et al. 2018a, b).
Since the early twentieth century three IPO regime shifts 
(i.e., values of IPO that exceed ± 0.5) have been identified: a 
positive phase from 1922 to 43, followed by a negative phase 
from 1946 to 76, and another positive phase from 1978 to 
98. Our ability to reconcile only three cycles of the IPO 
from the instrumental data limits studies of the long-term 
frequency, amplitude, and dominance of the IPO. Therefore 
paleo-proxy data from key regions of IPO influence must be 
analyzed for evidence of IPO variability prior to the period 
of instrumentation. In North America, Dai (2012) demon-
strated that the IPO influences rainfall over the contiguous 
US, and in particular over western and south-central regions 
of the country. Over the southwestern US, decadal varia-
tions in rainfall are strongly in phase with the evolution of 
the IPO, with dry and wet periods linked to cold and warm 
phases, respectively (Dai 2012). Drought reconstructions by 
Cook et al. (2007) suggest that Medieval “mega” droughts 
over the American West were spatially coherent, widespread, 
and have no modern analog. Both the IPO and PDO have 
been linked to enhanced drought risk on both sides of the 
Pacific (Kiem and Franks 2004; McCabe et al. 2004), and 
while Medieval drought reigned across the North American 
West, mainland Southeast Asia (MSEA) appeared to have 
experienced one of its wettest periods on record (Buckley 
et al. 2010, 2014; Cook et al. 2010a). This inverse pattern 
between the North American West and MSEA during IPO 
phase shifts is clearly evident from the instrumental record 
(Meehl and Hu 2006), and paleoclimatic data from these two 
regions suggest that the IPO may have been active during 
Medieval times (Buckley et al. 2010, 2014).
Few reconstructions of the IPO have been developed, 
in contrast to the PDO, which has several. For example 
(MacDonald and Case 2005) developed a millennial-length 
PDO reconstruction from North Pacific tree rings, while 
other reconstructions have been produced using North 
American (D’Arrigo et al. 2001) and east Asian (D’Arrigo 
et al. 2006; D’Arrigo and Ummenhofer 2015) tree rings and 
Pacific (Gedalof et al. 2002) and Indian Ocean (Crueger 
et al. 2009) corals, or multi-proxy combinations of some of 
these records (Verdon and Franks 2006). With the excep-
tion of the MacDonald and Case (2005) millennial-length 
PDO reconstruction, however, these records are relatively 
short and/or geographically restricted. Buckley et al. (2010, 
2014) demonstrated the influence of the IPO over MSEA 
from a single cypress (Fokienia hodginsii) tree-ring record 
from southern Vietnam, with sufficient strength of signal 
to allow for a statistically robust 750-year reconstruction 
that explained around 41% of the variance of the instru-
mental record (due to it being derived from a single site, 
these authors didn’t seek to focus on this IPO reconstruc-
tion other than to note the strength of the IPO’s influence 
on the regional climate). More recently Vance et al. (2015) 
developed a 1000 year reconstruction of the IPO from the 
sea salt content contained in ice cores from Law Dome in 
East Antarctica, and they linked this record to hydroclimate 
changes over Australia, where positive phases are associ-
ated with aridity and negative phases with wetness. Here 
we produce a new record of IPO variability over the past 
nearly seven centuries, based on multiple sites from the two 
regions on opposite sides of the Pacific that are the most 
strongly, inversely influenced by the IPO–MSEA and the 
south-central region of North America, as shown in Fig. 1.
2  Materials and methods
2.1  A Vietnamese cypress ring‑width network
For this study we used three previously published, indexed 
ring-width records from F. hodginsii (of the family Cupres-
saceae, henceforth referred to as cypress), the most reli-
able long-lived dendroclimatic responder yet found from 
the Asian tropics. These records are the Mu Cang Chai F. 
hodginsii (MCFH) from northern (Sano et al. 2008, 2012), 
Quang Nam F. hodginsii (QNFH) from central (Buck-
ley et al. 2017, 2018) and the Bidoup Nui Ba F. hodgin-
sii (BDFH) from southern Vietnam (Buckley et al. 2010, 
2014), respectively. The two new cypress tree-ring records 
are from Pu Mat National Park in the north (PMFH), and 
the Kon Tum area in central Vietnam (KKFH). Full details 
regarding the quality of the three published records can be 
found in the references noted, while a summary of the most 
pertinent statistics for all five sites are listed in Table 1, and 
their locations are shown in Fig. 1.
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For all site collections we air dried and mounted all 
core samples with their transverse axes exposed, and then 
prepared each core surface with a series of progressively 
finer abrasive meshes (up to 1500 µm). This resulted in 
clearly visible cellular structures for each ring in order to 
ensure accurate identification of ring boundaries. All annual 
growth rings were then cross-dated using traditional visual 
and microscopy-based techniques, such as skeleton plotting 
(Stokes and Smiley 1968), prior to measurement. Measure-
ments of the three published records were made with a reso-
lution of 0.001 mm, using a Velmex sliding stage micrometer 
coupled with a computer running the capture program J2X 
developed by VoorTech Consulting. For the new collections, 
each dated core was scanned using an EPSON Perfection 
V850 Pro model scanner coupled with Silverfast imaging 
software in order to produce a high-resolution image (2400 
dpi). These images were measured and analyzed with the 
software CooRecorder V8.1.1 and CDendro V8.1.1 from 
Cybis Dendrochronology (Larsson 2016), also with a resolu-
tion of 0.001 mm. Measurements in CooRecorder are made 
using a linear x, y coordinate system, where the boundary 
of each annual ring is marked with successive coordinate 
points, and the distance between each of those points is 
measured along the line of cells in sequence. CooRecorder’s 
companion program CDendro facilitated real time correla-
tion analyses between sequential measurements from indi-
vidual cores and master growth indices (i.e., multiple cross-
dated cores averaged together). Quality of the crossdating 
was further assessed and confirmed via the industry-standard 
program COFECHA (Holmes 1983).
Fig. 1  Locations of the Fokienia 
hodginsii (FH) core collections 
used for this study: 1 = Mu Cang 
Chai or MCFH (Sano et al. 
2008); 2 = Pu Mat National 
Park or PMFH (this study); 
3 = Quang Nam Protected Forest 
or QNFH (Buckley et al. 2017, 
2018); 4 = Kon Tum region 
including Ka Kinh National 
Park or KKFH (this study); and 
5 = Bidoup Nui Ba National 








Gulf    
    of  
               Thailand 
Bay of Bengal 
Indian Ocean 
Table 1  Statistics for the five 
Vietnam cypress chronologies 
used for this study, including 
first and last years of growth for 
each index; MSI mean series 
intercorrelation, MSens mean 
sensitivity, MSL mean series 
length, AR autoregression order
MSI mean series intercorrelation, MSens mean sensitivity, MSL means series length in years, AR autore-
gressive model
Site name 1st year Last year MSI MSens MSL AR
MCFH—Mu Cang Chai 1470 2004 0.475 0.264 259 1
PMFH—Pu Mat NP 1555 2010 0.501 0.283 245 1
QNFH—Quang Nam 1347 2013 0.526 0.302 323 1
KKFH—Kon Ka Kinh NP 1057 2013 0.576 0.362 389 1
BDFH—Bidoup Nui Ba NP 1030 2008 0.585 0.316 410 1
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Each ring-width time series (including the three previ-
ously published records) was detrended and normalized 
using the relatively new method of “signal free” standardi-
zation (Melvin et al. 2007; Briffa and Melvin 2011; Melvin 
and Briffa 2014), as used and described by Buckley et al. 
(2017, 2018) for the cypress site in central Vietnam (QNFH 
in Fig. 1). For this purpose, we used the program RCSig, a 
freeware program developed at the Lamont-Doherty Earth 
Observatory that is based on the commonly used program 
ARSTAN (Cook 1985). The signal free methodology is 
employed in order to retain as much mid-to-low frequency 
(MLF) variability as possible, while still removing trends 
that are unlikely to be related to the external forcing of 
climate.
2.2  North American Drought Atlas data
We extracted and averaged the gridded tree-ring recon-
structed PDSI values from a region spanning from 27.5° 
to 35°N, 85°–110°W from the North American Drought 
Atlas, or NADA (Cook et al. 2004, 2010b), as represented 
by one of the two yellow boxes in Fig. 2. The PDSI data 
are reconstructed for the months of June–August (JJA) from 
a dense network of tree ring collections spread across the 
continent, and are interpolated to a 2.5° × 2.5° grid. We next 
averaged the 55 extrapolated PDSI gridpoints from within 
the 8.5° × 25° box described above, a region within which 
are more than 100 tree ring chronologies (Cook et al. 2004). 
The two yellow boxes in Fig. 2 mark the areas of highest 
correlation with the first PC scores from the five cypress 
records over MSEA and North America, respectively, and 
also represent the regions of highest correlation between 
rainfall and PDSI as shown by Meehl and Hu (2006, Fig. 9). 
As noted above, this region of North America is strongly 
related to IPO variability, and expresses a stable opposite-
sign relationship with MSEA over the past several centuries.
2.3  Climate data and indices
We obtained the IPO Index data from the Met Office Had-
ley Centre for Climate Change (2016: http://cola.gu.edu/
c20c/.). Other data sets we used for comparison purposes 
for this study are the NCDC extended reconstruction sea 
surface temperature data (ERSSTv5, Huang et al. 2017), 
and the Berkeley earth surface temperature (BEST) records 
of mean, minimum and maximum temperature over land 
(Rohde et al. 2013), the CRU TS4.01 land surface tempera-
ture data (Harris et al. 2014), twentieth century reanalysis 
(1871–2011; Compo et al. 2011) and precipitation at 0.5° 
horizontal resolution from the Global Precipitation Clima-
tology Centre (version 7; 1901–2013; Schneider et al. 2013). 
The common analysis period for the composite analyses was 
taken as 1901–2007. Moisture transport is calculated as the 
product of the zonal and meridional wind components and 
specific humidity at every level in the atmosphere and then 
vertically integrated from the surface to 500 hPa. We also 
obtained, for comparison purposes, the Tripole Index (TPI), 
which is based on the unfiltered ERSST data (Henley et al. 
2015), and the Vance et al. (2015) reconstruction of the IPO 
based on ice core records from Law Dome in Antarctica.
2.4  Reconstructing IPO from tree rings and PDSI
We used the five Vietnam cypress records shown in Fig. 1 
and highlighted in Table 1, and the average gridded PDSI 
values from the NADA indicated in Fig. 2 by the yellow box 
over North America, as predictors of IPO for our reconstruc-
tion model. In order to select our target season for recon-
struction, point-by-point regression was used for each of the 
Fig. 2  The first PC of the 5-site Fokienia hodginsii network (a) vs. 
November–April Max T and SST (1900–2006), and b  the NADA 
summer PDSI averaged gridbox (right) vs. February–May Max T and 
October–May SST (1900–2006). The temperature data is from the 
Berkeley earth surface temperature (BEST) records of mean, mini-
mum and maximum temperature over land (Rohde et al. 2013), while 
the SST data is from NCDC extended reconstruction sea surface tem-
perature data (ERSSTv5, Huang et  al. 2017). The two yellow boxes 
highlight the two locations of strongest anti-correlation during IPO 
years as shown by Meehl and Hu (2006), and the regions used for 
reconstruction of the IPO
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six variables with monthly IPO for a 24-month window that 
spans 2 full years (January–December for prior and current 
years, depicted in sequence as months 1–24 in Fig. 3). It is 
clear from Fig. 3 that the strength of the inverse correlation 
between Vietnam cypress growth and IPO increases from 
north to south, and is strongest for BDFH and KKFH, the 
two most southerly sites. In fact, there are no significant 
months of correlation with the northern PMFH index, and 
the weakest of the significant correlations are with MCFH. 
This is consistent with the reduced influence of the IPO on 
rainfall over northern Vietnam, as shown in Fig. 4. Com-
posite analyses over Southeast Asia indicate severe defi-
cit (surplus) of rainfall over the Maritime Continent and 
Vietnam, especially at the southern sites (Fig. 4a, e), dur-
ing positive (negative) reconstructed IPO phases. This is 
due to a reduction (enhancement) of the East Asian winter 
monsoon, as shown by the anomalous moisture transport 
for positive (negative) IPO phases (Fig. 4c, g). The NADA 
gridbox data exhibits a near equally strong direct correlation 
to IPO that essentially mirrors the response for the Vietnam-
ese cypress data, with anomalous wet (dry) conditions over 
the Southwest and Southeast US during positive (negative) 
IPO phases (Fig. 4b, f). Since the strongest correlation for 
both sets of data falls within the 5-month period of prior 
October to current February, this was the period we selected 
for reconstruction and composite analyses. For building our 
reconstruction we used the program PCReg, a principal 
components regression program that is freely available for 
download from the Lamont-Doherty Earth Observatory’s 
Tree Ring Laboratory. For a more complete description of 
the model used for reconstruction of the IPO, see the calibra-
tion and verification statistics presented in Table 2.
3  Results and discussion
The reconstruction of IPO we present here spans from 1350 
to 2004 CE, and explains 56.7% of the variance of the instru-
mental data-derived IPO record (Table 2). It should be noted 
that the coefficient of efficiency statistic (CE) for verifica-
tion on both halves of the record (Figs. 5, 6) is consistently 
positive for both 1st differenced and un-differenced data, and 
therefore indicates an acceptable amount of model fidelity 
as described in Cook and Kairiukstis (1990). The first dif-
ferencing comparison is conducted to assure that correlation 
of trend in data is not driving the strength of the relationship, 
Fig. 3  Climate response plots for the six time series used for this 
project vs. the full period (1872–2004) IPO data, as derived from 
program PCReg as described in the text. The locations of each of 
these sites are shown in Fig. 1: PMFH—Pu Mat Fokienia hodginsii 
tree ring index; MCFH—Mu Cang Chai Fokienia hodginsii index; 
NADA—the 55-gridbox average from the North American Drought 
Atlas; QNFH—Quang Nam Fokienia hodginsii tree ring index; 
KKFH—Kon Tum Fokienia hodginsii index; BDFH—Bidoup Nui 
Ba National Park Fokienia hodginsii tree ring index. The red dashed 
lines indicate the 95% confidence limits based on the point-by-point 
regression estimate for each month of IPO against annual growth for 
a 24-month dendroclimate window (from left to right—January of the 
prior year to December of the current year). For all but PMFH only 
months of significant correlations are shown. The ONDJF months 
were selected for climate reconstruction, as indicated by the red aster-
isks in each plot
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accentuating instead the high frequency variations of both 
datasets. It is noteworthy that correlations are strongest 
for 1st differenced data, indicating the robust nature of the 
year-to-year correlation between IPO and tree growth in both 
locations. While the CE statistic has no significance test per 
se, the test is particularly sensitive to the influence of outli-
ers and therefore positive values for CE are indicative of 
model skill.
The full reconstruction is presented in Fig. 7, with the 
periods of positive and negative IPO phases highlighted. 
There are three modern phases of the IPO, as noted previ-
ously, and our record captures them all. However, the ear-
liest instrumental positive phase (~ 1922–1942) is far less 
pronounced than the period from ~ 1900–1920 which rep-
resents one of the strongest positive IPO phases of the past 
seven centuries in our record, as is also the case for the TPI 
developed by Henley et al. (2015), but appears to be driven 
Fig. 4  Composite anomalies of 
precipitation (in mm/month) 
and vertically integrated mois-
ture transport from the surface 
to 500 hPa (in kg m−1 s−1) for 
(left a, c, e and g) Southeast 
Asia and (right b, d, f and h) 
North America during (top) 
positive and (bottom) negative 
IPO phases in our reconstructed 
IPO index. The yellow circles 
in panels a and e mark the loca-
tions of the five Vietnamese tree 
ring records, and the NADA 
gridbox is highlighted by the 
black box in panels b and f 
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mostly by their Region 2 box over the equatorial Pacific (see 
the lower panel in their Fig. 2). This period is also strongly 
expressed in the Vance et al. (2015) reconstruction of IPO 
from Antarctica. Prior to the modern period we have identi-
fied what we consider 15 pronounced positive phases and 
15 similarly pronounced negative phases of the IPO, in a 
predominantly alternating pattern. We calculated the shifts 
in IPO phase as changes in our 13-year low pass filtered data 
that exceed ± 0.5 and persist for more than 1 decade.
One pressing question regarding the paleo history of 
the IPO relates to both its vigor and variance over the past 
millennium. It is clear from Fig. 7 that the vigor of the 
IPO during some periods of our reconstruction is more 
pronounced than others, and that there is an increasing 
trend in the variance through time. We therefore compiled 
Table 2  October–February IPO 
reconstruction model results for 
early calibration (1872–1941; 
top two tables) and late 
calibration (1941–2004; bottom 
two tables) in the left hand 
columns, and for verification 
periods as denoted by the (v) in 
the three right hand columns
a z scores for Sign test and Kendall Tau tests
Test Score T stat Prob. Score (v) T-stat (v) Prob. (v)
Undifferenced early calibration (1872–1941) verification (1942–2004)
Equality of means 0.000 0.000 0.996 − 0.685 − 1.894 0.055
Cross products mean 3.439 5.939 0.000 2.019 2.815 0.003
Sign test 53+ 17− a2.268 0.012 51+ 12− a4.788 0.000
Pearson correlation r = 0.753 9.430 0.000 r = 0.677 7.179 0.000
Robust correlation r = 0.756 9.521 0.000 r = 0.695 7.557 0.000
Spearman correlation r = 0.753 9.448 0.000 r = 0.694 7.523 0.000
Kendall Tau t = 0.554 a6.788 0.000 t = 0.503 a5.830 0.000
Reduction of error 0.567 0.424
Coefficient of efficiency 0.567 0.372
First differenced early calibration (1872–1941) verification (1942–2004)
Equality of means 0.023 0.056 0.000 − 0.043 − 0.093 0.923
Cross products mean 4.948 4.476 0.000 6.030 4.188 0.004
Sign test 55+ 14− a4.815 0.000 42+ 20− a2.667 0.000
Pearson correlation r = 0.814 11.473 0.000 r = 0.743 8.600 0.000
Robust correlation r = 0.818 11.638 0.000 r = 0.719 8.008 0.000
Spearman correlation r = 0.776 10.078 0.000 r = 0.626 6.211 0.000
Kendall Tau t = 0.598 a7.272 0.000 t = 0.456 a5.242 0.000
Reduction of error 0.662 0.544
Coefficient of efficiency 0.662 0.543
Undifferenced late calibration (1942–2004) verification (1872–1941)
Equality of means 0.000 0.000 0.996 0.507 1.517 0.125
Cross products mean 3.131 4.715 0.000 2.898 5.870 0.000
Sign test 47+ 16− a3.780 0.000 56+ 14− 4.900 0.000
Pearson correlation r = 0.666 6.964 0.000 r = 0.729 8.781 0.000
Robust correlation r = 0.671 7.075 0.000 r = 0.736 8.976 0.000
Spearman correlation r = 0.668 7.015 0.000 r = 0.734 8.923 0.000
Kendall Tau t = 0.477 a5.522 0.000 t = 0.532 6.515 0.000
Reduction of error 0.443 0.530
Coefficient of efficiency 0.443 0.479
First differenced late calibration (1942–2004) verification (1872–1941)
Equality of means − 0.051 − 0.107 0.911 0.013 0.031 0.973
Cross products mean 6.929 4.069 0.000 4.228 3.976 0.000
Sign test 42+ 20− 2.667 0.004 55+ 14− 4.815 0.000
Pearson correlation r = 0.755 8.926 0.000 r = 0.788 10.469 0.000
Robust correlation r = 0.708 7.776 0.000 r = 0.804 11.062 0.000
Spearman correlation r = 0.642 6.479 0.000 r = 0.743 9.092 0.000
Kendall Tau t = 0.476 5.473 0.000 t = 0.563 6.837 0.000
Reduction of error 0.569 0.621
Coefficient of efficiency 0.569 0.620
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some basic statistics in Tables 3, 4 and 5 of our IPO recon-
struction as well as the Vance et al. (2015) IPO reconstruc-
tion (henceforth referred to as Vance-IPO). For our IPO 
reconstruction both the standard deviation and variance 
show an obvious increasing trend through time, attaining 
maximum values in the nineteenth century where three 
of the highest values of the entire record can be found 
(6.513 for the year 1865, 4.412 for 1878 and 5.872 for 
1889). The latter two values occur during the two largest 
El Niño events of the instrumental record that triggered 
the so-named “Victorian Holocaust” droughts described 
by Davis (2002). Interestingly, while these individual years 
are markedly high the positive phase associated with them 
is not particularly strong. Much stronger periods of posi-
tive IPO are seen in the eighteenth century during periods 
defined by Cook et al. (2010b) and Buckley et al. (2010, 
2014) as the Strange Parallels Drought (SPD) and the 
East Indian Drought (labeled SPD and EID, respectively 
in Fig. 7). The latter decade of the seventeenth century 
shows a moderately strong IPO positive phase during 
an unnamed drought (UND) that is evident across all 
of Southeast Asian (Buckley et al. 2017; Stevens et al. 
2018). The negative phases of IPO in our reconstruction 
also exhibit greater strength in the eighteenth century, and 
two protracted events in the latter half of the nineteenth 
century, as discussed below.
3.1  A tumultuous eighteenth century for Southeast 
Asia
According to our reconstruction the eighteenth century 
exhibited perhaps the most vigorous IPO of the past 700 
years, where values for the 13-year smoothed data exceed 
± 1.5 for successive years and individual years within each 
phase exceed ± 3.0 for multiple years. The century began 
with a strong positive phase from ~ 1685–1705 (see below 
Sect. 3.2), a sharp negative phase from 1725 to 1740, a posi-
tive phase from 1740 to 1760, negative from 1770 to 1780, 
and strongly positive from 1780 to 1795. The three positive 
phases were coincident with some of the most societally 
significant periods of drought for the region over the past 
millennium (e.g., Buckley et al. 2007, 2010, 2014, 2017; 
Fig. 5  Calibration period (1872–1941) comparison between the 
actual values for the October–February IPO (blue) and the robust 
estimates (black-dashed) based on our regression model for the cali-
bration period (1872–1941). The top plot is for undifferenced data 
and the bottom plots are for same data after first-differencing. Scat-
terplots on the right express the linear relationships between the same 
data as on the left. Full reconstruction details are included in Table 2
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Cook et al. 2010a; Hansen et al. 2017; Lieberman 2003; 
Lieberman and Buckley 2012; Sano et al. 2008). Tree ring 
records from Southeast Asia show that the transition from 
the seventeenth century into the eighteenth century expe-
rienced a 2-decades period of drought across most of the 
region—a drought that has drawn little attention but is 
among the most pronounced decadal droughts of the past 
several centuries (Stevens et al. 2018). We will refer to this 
drought as the Unnamed Drought or UND, as noted in Fig. 7. 
The SPD, so-named by Cook et al. (2010a) after Lieberman 
(2003), spanned much of the mid eighteenth century and 
occurred during the 1740–60 positive IPO phase, as shown 
from our reconstruction. Buckley et al. (2014) showed this 
to be a period of great societal upheaval across MSEA, when 
all of the regional polities collapsed (Lieberman 2003), and 
the Tay Son Uprising toppled the 350-year reign of the Le 
dynasty (Dutton 2006). Investigating the SPD in the MADA 
and a 1300-year climate model simulation, Hernandez et al. 
(2015) also found IPO-like SST across the Indo-Pacific, with 
equatorial Pacific SST during prolonged MSEA drought epi-
sodes more reminiscent of central-Pacific El Niño events 
than the canonical eastern Pacific SST. Following the SPD 
the IPO reverted to a negative phase (1770–80) before 
returning to the strongest positive phase of the entire recon-
struction, spanning the years 1780–1795 during what Cook 
et al. (2010b) referred to as the East India Drought (EID). 
Buckley et al. (2014) describe the last few decades of the 
eighteenth century in terms of repeated, protracted, decadal 
periods of drought across much of South and Southeast Asia, 
leading to the Bengali Famine Drought (1769–73), and the 
East Indian Drought (1790–96). These two tragic events led 
to millions of deaths from starvation, over what was surely 
one of the most tumultuous times of the past millennium 
across the region.
3.2  Prior to the eighteenth century
The seventeenth century also experienced vigorous IPO 
activity, with two brief negative phases centered on 1640 
and 1680, respectively, the latter only barely below the 
− 0.5 threshold from the mean. These two negative phases 
were preceded by an extended positive phase from 1605 
to 1635. Of interest is a double-peaked positive phase that 
spanned from about 1685–1720, at a time of one of the 
driest periods over Southeast Asia as shown by several 
tree ring records (Buckley et al. 2010, 2017; Cook et al. 
2010b; Stevens et al. 2018). The sixteenth and fifteenth 
centuries saw somewhat reduced strength of the IPO, with 
the exception of a major protracted negative phase from 
Fig. 6  Same as for Fig. 5 but for the verification period (1941–2004) data
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~ 1435–1460 (labeled KE in Fig. 7). This is consistent 
with indications of a mid-century pluvial across southern 
MSEA (Buckley et al. 2010), whose PDSI reconstruction 
shows the second wettest year on record in 1453 follow-
ing the eruption of Kuwae (Gao et al. 2006; Buckley et al. 
2010; Anchukaitis et al. 2010). The period of the two so-
named Angkor Droughts (Buckley et al. 2010; Cook et al. 
2010a), in the mid fourteenth and early fifteenth centuries, 
respectively, show indications of positive IPO phasing, 
especially for AD1, though not as strongly expressed as in 
later events. These periods of drought, as shown by Buck-
ley et al. (2014), were not accompanied by wet conditions 
in the American Southwest, which experienced simultane-
ous drought indicative of processes not related to ENSO/
IPO variability.
Fig. 7  The unfiltered October–February IPO reconstruction from 
1350 to 2004 (fine black line) based on tree ring data from Vietnam 
and tree ring derived PDSI regional average from North America (see 
Fig.  2). The thick red line shows the 13-year low-pass filtered ver-
sion of the data, with the 15 positive and 15 negative pre-instrumental 
phases of the IPO highlighted by pink and blue bars, respectively. 
The red and blue dashed lines highlight the three modern positive 
and negative PDO phases, respectively as noted from the literature 
(i.e., positive 1922–1943; negative 1946–1976; positive 1978–1998). 
The two dashed black lines mark the threshold values of 0.5 above 
and below the mean. Some key droughts and pluvials as mentioned 
by Cook et  al. (2010a) and Buckley et  al. (2010, 2014) are denoted 
by the black lettering as follows: AD1 and AD2 refer to the Ankgor 
Droughts 1 and 2; KE encompasses the Kuwae Eruption of 1453 that 
Buckley et al. (2010) noted as the second wettest year of the BDFH 
record; MDD corresponds with the Ming Dynasty Drought from 
1631 to 48 CE; UND is an unnamed drought of the late seventeenth 
century that is evident in all of the major Southeast Asia records; 
SPD is the Strange Parallels Drought; EID is the East India Drought; 
and VHD marks the period of the two Victorian Holocaust Droughts 
in 1877–78 and 1888–89, respectively. Note the extreme values for 
those individual years, following shortly after the largest value of the 
entire record (6.513) in 1865, marked by the red asterisk
Table 3  Statistics for various 
periods of our unfiltered IPO 
reconstruction
Measurement 1351–2004 1600–2004 1700–2004 1877–2004 1900–2004 1950–2004
Minimum − 4.562 − 4.562 − 4.562 − 4.562 − 4.562 − 3.395
Maximum 6.513 6.513 6.513 6.355 6.355 6.355
Sum 310.09 199.411 147.987 65.987 71.543 25.317
Points (N) 654 405 305 128 105 55
Mean 0.474 0.492 0.485 0.516 0.681 0.460
Median 0.346 0.317 0.261 0.373 0.525 0.356
Std deviation 1.861 2.005 2.073 2.105 2.036 1.996
Variance 3.462 4.024 4.074 4.429 4.147 3.985
Std error 0.073 0.099 0.116 0.186 0.199 0.269
Skewness 0.329 0.363 0.413 0.442 0.360 0.548
Kurtosis 0.148 − 0.055 − 0.011 0.061 0.109 0.148
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3.3  Indo‑Pacific climate anomalies during IPO 
phases
Composite analyses of the large-scale Indo-Pacific climate 
conditions during positive and negative phases of our recon-
structed IPO during the instrumental period (1901–2007) 
reveal distinct teleconnection patterns. We not only see the 
out-of-phase relationship between hydroclimate in MSEA 
and the southern US, but strong precipitation anomalies 
in equatorial Africa and South America (Fig. 8a, e). Spe-
cifically, eastern (western) equatorial Africa experiences 
wet (dry) conditions during the positive IPO phase, while 
northern South America, including the Amazon basin and 
northeast Brazil, experience drought and anomalous wet 
conditions further to the south (Fig. 8a). These changes in 
hydroclimate are consistent with a shift in the zonal Walker 
circulation: the upward branch is associated with the anoma-
lously warm SST in the eastern Pacific, while anomalous 
descending motion is suppressing convection over northern 
South America and the Indo Pacific Warm Pool (IPWP), 
while East Africa experiences enhanced moisture conver-
gence and convection (Fig. 8a–d). The situation is reversed 
during the negative phase of the IPO that is characterized 
by cool SST in the equatorial eastern Pacific and moisture 
convergence over the IPWP and northern South America 
(Fig. 8e–h). Some of the IPO responses shown here for dec-
adal timescales are reminiscent of the well-known telecon-
nections during ENSO events (cf. Ropelewski and Halpert 
1987). Spatial patterns of precipitation linked to ENSO over 
mainland Southeast Asia are complex, vary with individual 
events, and exhibit a general pattern of decreased precipita-
tion during warm-phase events (El Niño) and greater pre-
cipitation during cool-phase events (La Niña) (Räsänen et al. 
2015). Yamoah et al. (2016) argue that NCEP reanalysis of 
strong El Niño years reveals a tripole pattern, exemplified 
by the TPI as defined by Henley et al. (2015). In this case a 
low-pressure cell forms during warm phases of ENSO and 
spans from Malaysia to southern China, thus creating a sub-
ordinate meridional circulation cell with the high-pressure 
cell over the IPWP.
It is noteworthy that the SST composites for our recon-
structed IPO do not show much in the way of anomalies over 
the Indian Ocean sector. In contrast, D’Arrigo and Ummen-
hofer (2015) identified substantial Indian Ocean SSTAs 
during both PDO phases, based on their reconstructed 
May–September PDO from a Myanmar teak record. Several 
recent studies (e.g., Dong et al. 2016; Lee et al. 2015; Nieves 
et al. 2015; Ummenhofer et al. 2017; Jin et al. 2018a, b) 
also found significant IPO influences over the Indian Ocean. 
While some of the Indian Ocean response is expressed as a 
subsurface response, there is also a delay of several years 
with the IPO/PDO until the response makes its way into the 
Indian Ocean. This is especially true for anomalies trans-
mitted through the oceanic bridge, since the atmospheric 
bridge through the Walker circulation is more immediate. 
For our reconstruction, we analyzed anomalies for the Octo-
ber–February period, and it is therefore plausible that other 
seasons (i.e., June–August or September–November) might 
Table 4  Statistics for successive 
centuries of our unfiltered IPO 
reconstruction
Measurement 1400–1499 1500–1599 1600–1699 1700–1799 1800–1899 1900–1999
Minimum − 3.272 − 3.995 − 4.396 − 3.644 − 4.279 − 4.562
Maximum 4.323 6.316 5.411 5.741 6.513 6.355
Sum 37.342 40.800 51.424 66.525 9.910 74.517
Points (N) 100 100 100 100 100 100
Mean 0.373 0.408 0.514 0.665 0.099 0.745
Median 0.295 0.324 0.339 0.536 − 0.263 0.580
Std deviation 1.595 1.639 1.977 1.973 2.009 2.028
Variance 2.544 2.685 3.910 3.893 4.036 4.114
Std error 0.160 0.164 0.198 0.197 0.201 0.203
Skewness 0.160 0.222 0.199 0.252 0.663 0.380
Kurtosis − 0.573 1.399 − 0.197 − 0.454 0.532 0.088
Table 5  Statistics of the 13-year low pass filtered Buckley and Vance 
IPO reconstructions for the full period 1351–2004 for the former, and 
1351–2003 for the latter
Measurement Buckley IPO 1351–2004 Vance IPO 
1351–2003
Minimum − 1.722 − 1.494
Maximum 2.705 1.124
Sum 309.724 71.406
Points (N) 654 653
Mean 0.474 0.109
Median 0.551 0.231
Std deviation 0.787 0.561
Variance 0.619 0.314
Std error 0.031 0.022
Skewness − 0.058 − 0.904
Kurtosis 0.003 0.394
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be more directly comparable, and may explain the lack of 
Indian Ocean SST response in our reconstruction.
We compared our record to the Vance IPO record (Fig. 9) 
and we reveal generally strong agreement in spite of the 
vastly different nature of these two records. Vance et al. 
(2015) based their reconstruction on the salt record from an 
ice core from the Law Dome in Antarctica, and linked it to 
rainfall anomalies over eastern Australia. Their connection 
to the IPO through a mid latitude atmospheric teleconnec-
tion is more strongly linked to the TPI Region 3, which sits 
right over and to the east of Australia (Henley et al. 2015). 
While there are three distinct periods that are out-of-phase 
between our two records, centered on 1600, 1700 and 1810, 
respectively, there are periods that agree quite strongly with 
each other such as the entire fifteenth century. There is also 
a high degree of phasing between the three decadal out-of-
phase periods noted above, indicating the likelihood that 
some external forcing acting on longer time scales may be 
influencing one or both records in differing ways. The Vance 
IPO record extends back to 1000 CE, while the record we 
present here extends back only to 1350. Therefore we com-
pared the prior Buckley et al. (2010) IPO reconstruction, 
based only on the BDFH tree ring record, against Vance IPO 
in the bottom panel (b) of Fig. 9. Once again, there is good 
general, decadal-scale agreement between the two records, 
but a notable out-of-phase period centered around 1180 CE 
at the tail end of what Vance et al. (2015) describe as “an 
unprecedented century of aridity” over eastern Australia 
related to a positive IPO. It is clear that while both of our 
records are capturing real climate variability related to the 
IPO, there are regional climate factors that are at play that 
are not shared between our two records.
We present a stacked plot in Fig. 10 of the annually aver-
aged TPI of Henley et al. (2015), the MacDonald and Case 
(2005) IPO reconstruction, the Vance-IPO reconstrutction 
and our own IPO reconstruction. The TPI is calculated as 
the difference between the SSTA averaged over a region 
of the central equatorial Pacific (their Region 2), and the 
average of the SSTA in the northwest and southwest Pacific 
sectors (25°N–45°N, 140°E–145°W; and 50°S–15°S, 
150°E–160°W, respectively). For context the composite 
anomalies shown in Fig. 8d, h, indicate the areas of strongest 
SST response during the IPO positive and negative phases. 
While the TPI does show strong agreement with the PDO 
Fig. 8  Composite anomalies of a, e precipitation (in mm/month), c, 
g vertically integrated moisture transport from the surface to 500 hPa 
(in kg m−1 s−1), b, f sea level pressure (in hPa), and d, h SST (in °C) 
during (top) positive and (bottom) negative IPO phases in our recon-
structed IPO index
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and the IPO, its calculation does not include regions that are 
included in the IPO calculations, such as the Indian Ocean 
sector, which is often uncoupled from the TPI regional 
SSTAs. Our IPO reconstruction is based on two terres-
trial regions that are influenced by the Oceanic sectors as 
expressed through regional hydroclimate. It is therefore not 
surprising that the two records are not in better agreement. It 
appears that our IPO reconstruction is far more heavily influ-
enced by the TPI Region 2 calculation used by Henley et al. 
(2015), as shown in their lower plot of Fig. 2. This region 
spans from 10°S–10°N, 170°E–90°W, which straddles the 
equatorial Pacific and is the region of highest correlation of 
PC 1 of the Vietnam cypress records as shown in Fig. 2. The 
Henley et al. (2015) Regions 1 and 3 fall for the most part 
outside the region of greatest influence for our cypress and 
NADA records. This is particularly the case for the NADA 
(Fig. 2b). It would therefore not be unexpected that our ter-
restrially derived records of IPO influence are at least in 
part capturing influences not shared by TPI, particularly the 
influence of the Indian Ocean sector as noted above.
4  Conclusions
We produced a highly robust reconstruction of the IPO 
using tree-ring related data from both sides of the Pacific 
Ocean, from locations where hydroclimate dominates the 
tree ring signal and are anti-correlated with each other. 
The terrestrial hydrological imprint from these two regions 
is strongly dominated in turn by the IPO, and this ena-
bled us to produce a reconstruction that captures nearly 
57% of the variance of the IPO index. Our reconstruc-
tion indicates a consistently active IPO for at least the last 
700 years with 15 positive and 15 negative phases dis-
played prior to the period of instrumentation. Our recon-
struction is also in good general agreement with the Vance 
et al. (2015) IPO reconstruction developed from Antarctic 
ice core from the Law Dome, in spite of the very differ-
ent proxy sources, procedures used, and regions involved 
in each reconstruction. In spite of the overall agreement, 
however, there are several key periods of discord between 
our two reconstructions that likely reflect climate drivers 
not related to ENSO/IPO, or reflect spatial instability of 
some components of the IPO influence. In particular, our 
Fig. 9  The top plot a shows the 13-year low-pass filtered Buckley 
October–February IPO reconstruction (solid red), against the IPO 
reconstruction of Vance et  al. (2015, blue line) based on geochemi-
cal parameters from the Law Dome ice core in Antarctica. The two 
reconstructions show general agreement for much of the time, in spite 
of being derived in very different ways. While the three “modern” 
phase shifts (red and blue dashed lines) are recorded similarly, there 
are three key periods of negative IPO in the Vance record in the early 
17th, early 18th and early nineteenth centuries that are distinctly out 
of phase, as denoted by the blue bars. The bottom plot b compares the 
earliest portion of the Vance IPO series (black line back to 1000 CE) 
with a prior IPO reconstruction by Buckley et al. (2010) based on the 
BDFH site only (dashed red line from 1350 back to 1057 CE). The 
large pink bar from 1102 to 1212 highlights the period of “an unprec-
edented century of aridity” in eastern Australia, related to a strong 
positive IPO, as described by Vance et al. (2015)
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reconstruction seems mostly influenced by the TPI Region 
2 over the equatorial Pacific, while the Vance IPO record 
is likely more strongly influenced by TPI Region 3. Simi-
larly, our reconstruction shows some discord with the TPI 
itself, likely owing to the very different spatial character-
istics of the two records as discussed above. The record 
we present here shows a clear systematic increase in the 
variance of IPO over the past six centuries and ought to be 
a useful launching point for future research.
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Fig. 10  Stacked plot compar-
ing a the Tri Pole Index (TPI) 
developed by Henley et al. 
(2015); b the MacDonald and 
Case (2005) PDO reconstruc-
tion back to 1350; c the Vance 
et al. (2015) IPO reconstruc-
tion back to 1350; and d, our 
reconstruction of IPO. All data 
smoothed with a 13-year low 
pass filter, and gray bars high-
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